A magneto-optical sensor, using a dual quadrature polarimetric processing scheme, was evaluated for current metering and protection applications in high voltage lines. Sensor calibration and resolution were obtained in different operational conditions using illumination in the 1550-nm band. Results obtained indicated the feasibility of interrogating such sensor via the optical ground wire (OPGW) link installed in standard high power grids. The polarimetric bulk optical current sensor also was theoretically studied, and the effects of different sources of error considering practical deployment were evaluated. In particular, the interference from external magnetic fields in a tree-phase system was analyzed.
Introduction
The accurate measurement of electric energy is a fundamental aspect in the development of sustainable energy management systems. In this context, electric current sensors are vital tools nowadays as they allow accurate measurement of consumption and fast identification of failures on power systems [1] . In a high voltage environment, current transformers can be easily damaged by heat, short-circuits or atmospheric electrical discharges, and it is essential to employ protection circuits and insulation, which requires constant maintenance and surveillance.
However, standard current transformers used presently in the electric power industry for metering and protection applications have many associated limitations [2] . For instance, due to their high dimension and weight, some of these devices cannot be suspended on the electric line and imply high installation cost [3, 4] .
The measurement of the electric current through optical methods is appealing for applications in high power systems because it has several advantages over traditional methods, such as the high bandwidth, high electrical insulation, immunity to electromagnetic interference, multiplexing ability, light weight and compatibility with the technology of optical fiber communication.
Most reported optical current sensors have been based on the Faraday effect, or magneto-optical effect [5] [6] [7] which is an induced circular birefringence. For a generic polarization state, which can be described as a combination of two orthogonal circular modes (left and right), the application of a magnetic field is translated into the accumulation of a relative phase between the two modes, proportional to the magnetic field. For linearly polarized light, this relative phase results in a rotation of the polarization plane. The Faraday rotation angle ( t ), resulting from propagation under the influence of a magnetic field B along a path L, is given by t L VBdL    (1) where V is the Verdet constant (rad/m·T), an intrinsic property of the material which depends inversely on the wavelength of the radiation and the temperature [8, 9] . The Verdet constant is related to the medium properties as described in (2) , where  is a constant of the medium called the magneto gyration coefficient,  is the light wavelength, and n is the refractive index of the material [10] :
The most used scheme to transform the Faraday rotation in an optical power modulation, easily measurable with a photodetector, is through a polarimetric arrangement. In the simplest configuration, a polarizer is placed at the sensor input in order to set the initial state of polarization of light, and a second polarizer, or analyzer, is placed at the output. The maximum sensitivity is achieved when the angle between the two polarizers is 45º.
Polarimetric sensing scheme
In this work, a current sensor with a dual quadrature polarimetric detection scheme was implemented and tested, aiming its application at high power systems. The scheme of the configuration tested is represented in Fig. 1 Linearly polarized light propagates through the sensor element, a Schott glass prism (SF-57), after passing by a beam splitter (BS). While propagating through the prism, the plane of polarization of the light rotates in the presence of a magnetic field. A mirror at the end of the prism reverses the direction of propagation, and the Faraday rotation accumulates due to its non-reciprocal nature. At the output end of the prism, a beam splitter reflects the radiation toward a polarizing beam splitter that separates two orthogonal polarizations in two distinct outputs, S 1 and S 2 . To obtain maximum sensitivity, the relative orientation between the polarizer and the input polarization has been adjusted to 45°.
The SF-57 glass, in comparison to silica has the particularities of having a high Verdet constant, about 5.5 times greater than that of silica (SiO 2 ), approximately 20.07 rad/(m·T) at 633 nm, very low linear birefringence and a nearly zero elasto-optic coefficient.
In this particular experiment, optical sources in the telecom band around 1550 nm were used instead. This will enable remote measurement at long distances using installed optical ground wire (OPGW) cables. For this spectral region, no Verdet constant value was found in the literature. However, experimental tests conducted with different sources allowed us to estimate a value of about 0.75 rad/(m·T). This is significantly less than expected considering (2), which, however, is no longer valid in this spectral range.
In a real situation in a high-voltage network, the magnetic field is generated by a conductor perpendicular to the sensor, and the Faraday rotation is given by
where r is the distance between the conductor and the path of propagation of light, µ 0 is the magnetic permeability, and I is the current passing through the conductor. In order to calculate the sensor transfer function, we have performed a Jones matrix analysis. For the sensor shown in Fig. 2 [12] . The polarization rotation is acumulated after reflection rather than canceling out (as in the case of optical activity).
Considering that the intensity reaching each photodetector is given by * out out I  E E , one can easily obtain the sensor transfer function from (4) .
The signals in each of the outputs (S 1 and S 2 ) are effectively two signals in phase opposition, adequate for the implementation of a sum/difference processing scheme defined by 1 2
This operation allows eliminating many sources of noise common to the two output signals. In particular, power fluctuations due to the instability of the optical source, disturbances in the fiber connection, vibrations and so on will be canceled out, while still yielding the information about the polarization rotation induced by the magnetic field.
Replacing (3) in (5) It can be seen that the sensor response is linear up to 500 kA. Such long range is a consequence of a much lower sensitivity in the infrared spectral range. If the sensitivity is to be enhanced, the lower wavelength must be used instead.
One of the most attractive features of optical current sensors is their high intrinsic bandwidth, which is determined by the radiation time of propagation inside the sensor. The intrinsic bandwidth of this particular sensor can be estimated as the inverse of ten times the propagation time of the light as it passes through the sensor In practice, the sensor system bandwidth will be determined by the lowest bandwidth value of the system elements such as the photodetector or signal detection system, a lock-in or a data acquisition (DAQ) device. When the interest is the measurement application or initial characterization of the sensor response as a function of a well-known current, a lock-in amplifier, with very narrow filtering around the frequency of interest, can be used. If, on the other hand, the idea is to measure very fast current impulses, normally caused by short-circuits in the grid, it will be necessary to use a high speed electronics detection system.
Theoretical analysis

Influence of linear birefringence
Using the Jones matrix formalism and considering the matrix that describes a sensing material having both linear and circular birefringence [14] , it is possible to assess the effect of linear birefringence in the processed signal. In such case, the sensor output is given by
where β is the linear birefringence, expressed in radians per meter. From this equation, it can be inferred that the presence of linear birefringence in the sensing material causes a decrease in the sensor sensitivity. In addition, because  is dependent on temperature, it can introduce measurement errors. However, when the linear birefringence is much smaller than the Faraday rotation, (7) is simplified to (5) . Considering the material used in this experiment had very low intrinsic linear birefringence and also nearly zero elasto-optic coefficient, it is expected that the influence of  will be negligible.
In the literature [12] , residual birefringence for SF-57 was measured at 633 nm at 20 ℃, for a prism 
In these conditions and considering the intrinsic birefringence axis is aligned with the input polarization (something that could be attained in practice), an error of 0.06% can be estimated. In practice, the induced birefringence could have a random orientation prone to increase the error. However, a more realistic approach to induced birefringence would be to consider the sensing prism as a succession of smaller prisms with a random size and random birefringence axis orientation that could cancel out partially its deleterious effect. Overall, it is expected that the error will be very small, mainly due to the intrinsic properties of SF-57 that has very low intrinsic linear birefringence and also a nearly zero elasto-optic coefficient (meaning that stress induced birrefringence, due to packaging, will also be very small). It is therefore a very suitable material for implementation of magneto-optic current sensors.
Interference of external fields in a tree-phase system
In a real situation, sensor placement relative to the conductor under measurement is not always perfect. The effect of a linear offset from the maximum sensitivity position can be easily computed however. Considering the sensor is in the vicinity of a conductor carrying a current I, arranged as depicted in Fig. 1, but with an offset, d, between the center of the prism and the conductor, the resulting Faraday rotation is given by
For d=0, as in the case of Fig. 2, (9) is simplified to (3) .
In addition, an important problem that needs to be taken into account when using point sensors based on the Faraday effect is the susceptibility of the sensor to perturbations induced by external magnetic fields. In a real application such as in a high voltage grid, the most common situation is the use of a tree-phase system, with a conductor arrangement such as the one shown in Fig. 3 . In such case, the currents in each conductor can be described by Also, distinct positions were considered for placement of the sensor. Two different positions in the line were considered [see positions 1 and 2 in Fig. 3(a) ]. For the sensor in position 1, it was considered d 13 = 0 m and in position 2, d 13 = d 12 /2 m. In addition, for each of these cases, two different geometrical arrangements of the sensor relative to the conductor were considered. The sensor was placed either perpendicular [orientation Y represented in Fig. 3(b) ] or parallel [orientation X represented in Fig. 3(c) ] to the plane defined by conductors 1 and 2. For the sensor in orientation Y, the total Faraday rotation will be given by (11)         1  1  2  1 2  2   3  1 3  2 3 3 ,0, (
and for the sensor in orientation X the total Faraday rotation is instead given by (12)         1  1  2  1 2  2  3  2 3  1 3 3 ,0, , , In Fig. 4 , the sensor response is shown during one period of the AC -alternate current waveform with and without interference of external conductors. As expected, the measured amplitude and phase of the signal change when the sensor is subjected to interference from other conductors. Indeed, the measured signal is the result of the superposition of three waves with the same frequency but different relative phases and amplitudes. In Fig. 5(a) , it is given a quantitative evaluation of the errors induced in the sensor response considering the first conductor with a current of 0.5 kA, and the second and third conductors with currents changing from 0 kA to 4 kA. It can be seen that these errors increase rapidly, particularly when the perturbation currents exceed the current to be measured. Nevertheless, it can be seen that for currents of the same magnitude, the most common situation, in a tree-phase system, the induced error is around 1%. The graphs also show important differences for the situations where the sensor is placed in position 1 or 2 with arrangement Y or X. It can be seen that the errors are significantly reduced when the sensor is placed parallel to the plane defined by conductors 1 and 2 (orientation X) particularly when d 13 = d 12 /2. In this case, for equal currents in all conductors, the induced error is 0.75%. In a practical application, further reduction in the error introduced by the external field can be attained by using a concentrator of the local field together with insulation for the external fields. Error (%) 
Experimental results
The sensor behavior was studied experimentally using a standard broadband erbium doped amplifier (C+L band), with a spectral bandwidth of approximately 100 nm around 1550 nm. The processed output signal S [see (5) ] was obtained using a DAQ NI 6251, with a resolution of 1.92 mV, where the signals of each photodetector were compared with a reference signal of the current applied by the magnetic field generator (an inductor).
The photodetector (Thorlabs PDA 36A) presented a bandwidth of 785 kHz with a gain of 30 dB, and the lock-in (SR850) could be set with integration times, t c , from 10 s to 30 ks (bandwidth1/t c ).
To simulate large currents occurring in high power systems, the sensor was placed inside an inductor with N = 852 turns, length d = 47.7 cm, resistance R = 29.599 , and inductance L = 21,882 mH, subjected to a maximum voltage of 7 V RMS . The sensor could be submitted to different values of the magnetic field by the control of the current circulating in the inductor. The equivalent current, necessary to obtain the same magnetic field using a single conductor and the setup of Fig. 1 , was calculated to be I conductor ~ 2072 I inductor . (14) In this way, the behavior of the sensor when placed in the vicinity of a power line conductor could be estimated. To obtain a calibration curve, seven increments of approximately 123 A of the current at different frequencies (50 Hz, 60 Hz, 100 Hz, 250 Hz and 400 Hz) were applied to the sensor. In Fig. 6 , the real time response to the step changes in the electric current at 60 Hz is shown. Each increment was maintained for 30 seconds, during which the sensor output signal was recorded. The value measured in each step was then averaged, and the corresponding values of standard deviation were calculated. With this data, it was then possible to calculate the sensor sensitivity and resolution. This procedure was repeated at different frequencies and for different current ranges.
In Fig. 7 , the sensor response as a function of the applied current at different frequencies can be seen. As expected, the sensor response is linear and fully independent of the operating frequency. Considering the signal acquisition system incorporated with the DAQ and a signal processing program in LabView, the bandwidth defined for the system was set to 125 mHz, around the measured signal frequencies of 50 Hz, 60 Hz and 100 Hz. For comparison purposes, measurements were also made using a lock-in amplifier (in this case, a single output signal, S 1 or S 2 , was measured). The results obtained with the DAQ can be seen in Fig. 8 , where the responses of each of the channels S 1 and S 2 , together with the processed signal, S, are shown. The value of the applied current was recalculated, considering (14) . Int er cept -4.95206E-6 4.09248E-6 S2 Slop e 5.25369E -7 3.53913E-9 S1
Int er cept -3.09211 E-6 4.53552E-6 S1 Slop e 5.21756E -7 3.92227E-9 S Int er cept -5.07116 E-6 4.43798E-6 S Slop e 5.32387E -7 3.83792E-9 Fig. 8 Response of the sensor outputs as a function of the applied current using an optical source in the 1550-nm band.
It can be seen that all signals behave in a linear fashion for currents up to 2 kA. The additional test were made, where the optical power injected into the sensor was changed during the measurement. In this case, it could be seen that while reducing the optical power down to 36% of its nominal operation value introduced substantial changes in S 1 and S 2 , the processed signal S was shown to be independent of such fluctuations.
The sensor resolution was estimated considering that the minimum detectable value was given by two times the standard deviation of the signal. The worst value obtained in the full range of the current measured was considered as the sensor resolution. The resolution was estimated both for the individual signals S 1 and S 2 and also for the processed signal S [see (5) ]. In Table 1 , a comparison is made between the values of the standard resolutions, estimated in the laboratory with the lock-in and with the DAQ for all signals. For the DAQ system, the results demonstrate that the processed signal S has an improved resolution when compared with the results obtained with the signals S 1 and S 2 . It is expected that in a practical field application the individual signals will deteriorate rapidly due to the environmental perturbations while the processed signal should maintain a more stable behavior. On the other hand, it can be seen that the lock-in acquisition yields an improved resolution, even when considering the non-processed signal. In this particular test to enable the desired signal processing, the signals from the two photodetectors must be read by the DAQ. However, the device used had a resolution in the order of tens of mV which limited the final resolution attainable by the sensor compared with the results obtained with the lock-in amplifier. Nevertheless, such differences can be overcome with dedicated electronics in order to obtain a better performance.
Conclusions
In this work, a magneto-optic current sensor with a dual quadrature polarimetric configuration was implemented and tested aiming its application at high voltage environments. The sensor operation was demonstrated, using an optical source in the 1550-nm band. Such approach is compatible with the standard optical fiber technology, enabling sensor interrogation through the OPGW cables typically used in high power grids. The linear birefringence effect upon an SF-57 bulk optical glass subjected to 50 ℃ change in temperature was calculated. A very small error was found due to the intrinsic properties of SF-57. On the other hand, the external magnetic fields in a tree-phase system grid can cause considerable errors depending on the relative currents, distances and positions of the sensors. Nevertheless, it was shown that proper placement of the sensors can be explored to minimize the induced measurement errors.
